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Abstract

The method of artificial rainfall simulation was applied to study the effects of different slope
gradients (8°, 15°) and rainfall intensities (1.0, 1.5, 2.0, 2.5 mm/min) on the pathways of phosphorus
(P) loss from the weathered granite slopes of southeast China. The results showed that the runoff
yield increased with runoff time while the sediment yield first increased and then decreased.
The subsurface flow showed a changing trend of single-peak curve with maximums appearing under
the rainfall intensity of 1.5 mm/min. The P loss amount increased with increasing rainfall intensity
and slope gradient and was mainly carried away by eroded sediment that accounted for 54.23-95.62%.
The mass concentrations of TP, DP and PP in runoff decreased with runoff time. The P lost via runoff
from the sloping land was mainly in the form of DP, most of which reached more than 50%. Surface flow
was the dominant pathway of P loss via runoff and it presented a positive power correlation with rainfall
intensity (R?>0.982). It was necessary to attach great importance to P loss via subsurface flow, though
the total loss amount was small compared to that via surface flow and sediment.

Keywords: phosphorus loss, slope gradient, rainfall intensity, artificial simulated rainfall, weathered
granite slope

Introduction

The excessive discharge of phosphorus (P) is one
of the critical reasons for eutrophication that greatly
influences water quality and aquatic ecosystems [I,
2]. The major cause of increasing P concentrations in
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ground and surface waters is P loss resulting from the
unreasonable application of phosphate fertilizer and
the serious erosion of water and soil [3, 4]. Due to the
contradiction between population growth and food
demand, many sloping lands have been reclaimed as
cultivated lands for planting crops and vegetables [5].
The interference of artificial farming has aggravated
soil erosion and loss of nutrients such as nitrogen (N)
and P on the slopes, which has reduced the efficiency of
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nutrient utilization [6]. Soil erosion on sloping land is a
worldwide environmental concern that causes a decline
in productivity of sloping lands and deterioration of
soil quality [7, 8]. The discharged nutrients would
enter the receiving water bodies like rivers and
lakes through surface runoff and subsurface flow to
accelerate eutrophication [9, 10]. Studying the nutrient
loss pathways at the source of water pollution on the
sloping land and conducting reasonable management
like control measures can significantly improve soil and
water conservation, reduce nutrient loss, and increase
soil fertility as well as crop yield [11-13].

There are many factors affecting the P loss from
the sloping land, including rainfall characteristics,
topographic conditions like slope gradient and slope
length, fertilizer type and amount, soil properties
like texture and organic matter content, surface land
cover and wildfires, farming practices, land type and
utilization method [14-19]. Rainfall intensity and slope
gradient impact the P loss by directly affecting runoff
and sediment yield. Most studies have shown a positive
correlation between rainfall intensity and nutrient loss
[20, 21]. There are two main pathways for soil nutrient
loss that alternate under different rainfall conditions,
including runoff and sediment. Some studies have
pointed out that P loss is mainly caused by sediment
transportation [22]. Other studies believe that P loss is
dominated by surface runoff [23]. The proportion of
soluble nutrient loss with runoff is high when rainfall
intensity is small, but soil nutrients dominantly migrate
with sediment when rainfall intensity is heavy. The
amount of nutrient loss with soil normally increases with
increasing slope gradient, but the loss amount decreases
when the slope gradient is greater than a certain value,
that is, there exists a critical slope gradient for nutrient
loss [24, 25].

As discussed above, most studies on nutrient loss
from sloping farmland focus on surface runoff and
sediment, and the loss mechanism is relatively well
understood. However, research on the mechanism
of nutrient loss via subsurface flow is still at an
exploratory stage, especially that the dynamics of the P
migration within soil are very complex and difficult to
be studied [26]. The reason why the P output through
subsurface flow is less abundant is very vague and
ambiguous, and the main factors influencing P loss via
subsurface flow are not clearly distinguishable. Previous
studies have found that the characteristics of subsurface
flow and surface runoff are significantly different [27,
28]. Subsurface flow within the soil lags behind surface
flow and it takes more yielding time even long after
the rainfall event stops. It has also been found that
subsurface flow accounts for more than half of the
total runoff volume [29, 30], which is an important
form of rainfall runoff. Subsurface flow can not only
change the relationship between rainfall intensity and
runoff but also affect the loss of nutrients. Studies have
shown that soil leaching intensity is strong in areas
with abundant precipitation and makes the formation of

leaching and sediment layers in the soil profile, which
affects the effective porosity of the soil and its ability to
transport nutrients [31]. The migration of nutrients with
the downward seepage flow is affected by the physical
structure and material interactions of the soil and the
characteristics of rainfall infiltration [32, 33].

Most of the studies about P loss from sloping lands
in China mainly focus on the discussion of loess, red
and purple soils [34-36]. There are few studies about
the effects of slope gradient and rainfall intensity on
soil erosion and nutrient loss on the weathered granite
slopes. The soils developed from the parent materials
of weathered granite are widely distributed in the
central and southeastern parts of China, where they are
ecasily exposed to water erosion caused by rainfall with
high hilly alpine terrain [37]. Therefore, it is of great
significance to investigate the P loss characteristics and
main loss pathways for soil and water conservation. Due
to high operational costs and measurement difficulties,
there is not enough in-site monitoring data suitable
for effective mitigation and control of environmental
nutrients in the weathered granite area. Therefore, an
experimental study with two slope gradients and four
rainfall intensities was conducted to investigate the
characteristics of P loss processes. The objectives of
the present work are (1) to investigate the effects of
rainfall intensity and slope gradient on soil erosion and
P loss processes, (2) to study the main loss forms of P
and their contributions, and (3) to reveal the main loss
pathways of P under different experimental conditions.

Material and Methods
Soil Samples

The soil was collected from Anji County (30°34' N,
119°23" E) in northwestern Zhejiang Province. The soil
derived from the laterite layer mainly developed from the
parent materials of weathered granite, which is typical
and representative of the study area of southeast China.
The soil is weakly acidic with an average bulk density
of 1.60 g/cm?. The total phosphorus content is 1.45 g/kg
with available phosphorus content of 87.20 mg/kg.
The total nitrogen and organic matter content are
0.61 g/kg and 4.34 g/kg, respectively. The particle
fraction distribution is 11.14% for clay (<-0.002 mm),
14.71% for silt (0.002-0.02 mm) and 74.15% for sand
(0.02-2 mm), which is typical for sandy loam.

The soil was moved and put into the soil tanks with
the method of original state removal. The soil was
collected in-site from the surface to the deeper layers at
every 5 cm for bagging and a total of 12 layers, which
was 60 cm in thickness was stratified for soil bulk
density test. Then the soil was filled in the soil tanks with
a corresponding layer order to ensure the consistency of
natural soil bulk density. The soil tanks were set aside
for a period to allow the soil to sink naturally and regain
its natural characteristics before starting a rainfall test.
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The time interval between two tests was one week.
Soil samples were taken and the soil moisture
content was determined to ensure that the initial
moisture content of the test soil was the same before each
rainfall test. The mixing fertilizers of 100 g organic
fertilizer (m(P,0,) = 3.5%) and 20 g compound
fertilizer (m(N) : m(P,0,) : m(K,0) = 15% : 15% : 15%)
were applied to make soil fertility equal. After finishing
a rainfall test, the surface-eroded soil on the top 5 cm
layer was replaced by new original soil for the next test.

Experimental Design

The simulated rainfall experiments were conducted
in the Agricultural Science Experimental Station of
Zhejiang University (Changxing County, China). The
rainfall intensity was regulated by a QYJY-502 portable
automatic rainfall simulator (Fig. la) with a range of
15~200 mm/h. The spray nozzles of the simulator
were set 6 m above the soil tanks with a coverage of
4 mx4 m, which was enough for the majority of the
raindrops to achieve terminal velocities like natural
rainfall. A kind of three-dimensional analog soil tank
(Fig. 1b) with variable-slope that could be flexibly
adjusted within the range of 0° to 30° was adopted as the
experiment runoff plot, the geometry size of which is
2.0 m lengthx1.0 m widthx0.6 cm depth. Two soil tanks
were arranged separately in parallel with the same
rainfall intensity, covered simultaneously so that the
results could be calculated repeatedly. An extension
groove of 3 cm in height with a metal mesh of small
aperture in the interior was set at the front and the left
and right sides at the middle and bottom of the soil
tanks for the convenient collection of subsurface flow.

(a) Pt N\"Zz'e L

Controlling

\device

The surface flow and sediment were collected through
the front groove with a triangular outlet at the top of the
soil tanks.

Rainfall intensity should be calibrated after covering
the soil tanks with a waterproof cloth before each
rainfall test. After reaching the target rainfall intensity
and verifying the uniformity coefficient which was
above 85% and was acceptable, the waterproof cloth was
removed and timing was started. The time at which the
surface flow and subsurface flow occurred was recorded.
The total time for surface flow and sediment collection
on the slopes was 90 min after the occurrence of
surface flow. The total rainfall duration ranged from the
beginning of effective rainfall to the completion of the
surface flow collection. The sampling time was at every
3 min and the muddy runoff volume was measured with
a cylinder. About 250 mL of the muddy runoff samples
were collected and brought to the laboratory as soon as
possible for water quality test. The remaining samples
were set aside for at least 24 h and clear supernatant
was decanted from the containers. Then the wet sediment
was air dried for the weight and further analysis.
The total phosphorus (TP) of the eroded sediment
was measured by molybdenum blue colorimetry after
digestion with HCIO,-H,SO,. The muddy runoff
samples were shaken and then some of them were
digested by potassium persulfate oxidation to determine
the TP concentration, and others were filtered by
0.45-pm  microporous membrane to determine the
dissolved phosphorus (DP) concentration with the
method of UV/VIS spectrophotometric. The difference
between TP and DP content was considered as
particulate phosphorus (PP) with the organic phosphorus
in the filtered samples assumed to be negligible. All the

Fig. 1. Artificial rainfall simulating system and equipment including a) artificial rainfall simulator with controlling device and b) soil

tanks.
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P loss concentration and amount were the average of the
two repeated treatments.

Data Analysis and Calculation

Both SPSS20.0 and Origin9.0 were used for
statistical and cartographic analysis of data. The
formulas for calculating the accumulative P loss amount
in the runoff and sediment of each form were as follows:

Wr:iprl‘xvi VVs:zn:pSixml.
i=1 & =l M

...where W_and W, are respectively the TP loss amount
in the runoff and sediment during the rainfall, g; p  and
p,; are respectively the average P concentration of the
i sampling event (3 min), mg/L for runoff and mg/kg
for sediment; v, is the runoff volume collected between
sampling event i-1 and sampling event i, mL; m, is the
sediment mass collected between sampling event i-1 and
sampling event i, g; and i = 1 to n is the sampling events
of runoff and sediment during the experimental period,
n<60.

Results and Discussion

Runoff, Sediment Yield and P Loss
in Surface Flow

The wvariations of runoff, sediment yield and
P loss concentrations in the surface flow with the
prolongation of rainfall are depicted in Fig. 2. The
runoff yield showed an overall increasing trend with
rainfall duration under the rainfall intensities of
1.0 mm/min and 1.5 mm/min, while there were short
increasing periods under the larger rainfall intensities
and then the runoff yield became relatively stable.
Overall, the sediment yield transported by the surface
flow decreased with the prolongation of rainfall.
But short increments of high sediment content existed
in the early stage under rainfall intensities larger than
1.0 mm/min, which could be called the first flush effect
[2], leading to the peaking values of sediment yield. The
short increasing trends and fluctuations might be caused
by the rainfall splashes, which could break the soil
aggregates [38]. As the rainfall continued, the sediment
yield would be limited by the detaching limitation after
the fine mobilizable particles of the topsoils were mostly
transported and the protecting effect of a mixed soil-
runoff layer appeared on the surface [39]. The mixed
layer could not only dissipate the raindrop energy but
also protect the soil particles in the deeper soil layers,
which could not be activated and transported until the
runoff intensity was strong enough [40]. The runoff
yield on the 8° slope was greater than that on the 15°
slope under the same rainfall intensities, while the
sediment yield showed an opposite trend. The reason

might be that the rain-bearing area became smaller
and the velocity of surface flow became larger due to
increased shear stress. The remaining time of surface
flow on the slopes became shorter and weakened the
protecting effect of the mixed layer, making a stronger
effect of rainfall splashing on the topsoil [24]. On the
one hand, the increased effect of raindrop splashing
could distinctly activate and transport more soil
particles and result in more sediment yield. On the other
hand, the raindrop splashing could make the topsoil on
the slopes rugged, which was beneficial to infiltration of
surface flow.

The loss concentrations of TP, DP and PP decreased
with the rainfall duration under different rainfall
intensities on the 8° and 15° slopes. The first flush
effect also occurred on the 8° slope for P concentrations
but it was a little different to that of sediment as there
was a decline before the increasing trend. Most of the
peaking values of P concentration appeared in the first
sample, which was related to the high P content and
small runoff in the initial stage on the topsoil. When
the runoff volume became larger, the P concentration
would become small due to the dilution effect. In
addition, the decline of P loss concentration with
rainfall duration may reflect an exhaustion of readily
mobilizable P sources [41]. However, the average P loss
concentrations in surface flow increased significantly
with the increasing rainfall intensity. The average loss
concentrations of TP in the surface flow on the 15° slope
under different rainfalls were respectively 0.73, 1.18,
1.43, 1.72 mg/L, while that under the corresponding
similar rainfalls on the 8° slope were respectively 0.97,
1.42, 1.72, 1.80 mg/L, which were about 1.20 times that
of the 15° slope.

As discussed above, runoff yield in surface flow was
greater on the gentle slope (8°) and remained so for a
longer time, so P contained in the soil was more likely
to be dissolved in the runoff and could be carried away.
The DP loss concentrations showed the similar changing
trend to TP loss concentrations with rainfall duration,
but the average DP loss concentrations under different
treatments increased with rainfall intensities and
decreased with slope gradient with slight fluctuations.
The loss concentrations of PP in the surface flow
were overall less than the DP loss concentrations and
fluctuated wildly. The average loss concentrations of
DP in the surface flow on the 15° slope under different
rainfall intensities were respectively 0.45, 0.84, 0.96,
1.35 mg/L, which were about 2.41 times that of the PP
average loss concentrations. The DP/PP ratio on the
8° slope was about 2.43. It could be concluded that
DP was the main P loss pattern in surface flow, which
accounted for 54.32-78.51% under different experimental
treatments. The findings were similar with that of
Heathwaite and Dils [42], who found the predominance
of the DP fraction in surface flow. Drewry et al. [43] also
found that rainfall intensity had a significant impact on
P loss through rainstorm monitoring and load estimation
in the Tuross River Basin of Australia, and the nutrient
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Fig. 2. Runoft, sediment yield and P loss via surface flow under different rainfall intensities on the a) 8° and b) 15° slopes.

loss under small rainfall intensity was mainly in of P loss with surface runoff reported by Wang et al.
dissolved form. However, many other previous studies [47], with most of P transformed through sediment
found that the major part of TP loss via surface flow loss. The reason for the differences might be that the P
was accounted for by PP [2, 44-46], which could be loss via sediment in this study has not been take into
adsorbed in soil particles and mobilized by rainfall consideration when comparing the loss patterns in this

runoff. This was consistent with laboratory experiments section, so it will be analyzed latter.
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Runoff and P Loss in Subsurface Flow

The changing trends of runoff and P los
concentrations with rainfall duration
flow were significantly different from that in surface
flow (Fig. 3). It could be seen from the unimodal curve
that the runoff yield increased first up to the maximum
values and then decreased with the prolongation
of rainfall duration under different experimental

S

in subsurface

treatments. Runoff yield on the steep slope (15°) was
more than that on the gentle slope (8°) under the same
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rainfall intensities. The peaking time for the 8° and 15°
slopes were respectively about 30 min and 60 min after
the occurrence of subsurface flow. The peaking time at
which the subsurface flow reached the maximum was
relatively delayed as the rainfall intensity increased
on both the steep and gentle slopes. The main factors
affecting runoff yield included antecedent moisture,
slope gradient, soil porosity, rainfall intensity and
duration [48, 49]. The infiltration rate was faster at
the beginning under the rainfall intensities of 1.0 and

1.5 m/min due to the coarse surface of topsoil with
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Fig. 3. Runoff and P loss via subsurface flow under different rainfall intensities on the (a) 8° and (b) 15 ° slopes.
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large particles, which resulted in the relatively large
effective soil porosity. Then the test soil gradually
reached saturation and the runoff yielded by mechanism
of excess storage with the rainfall infiltration was less
than that in the previous period, during which the main
pattern of rainfall runoff was surface flow rather than
subsurface flow. When rainfall intensity approached to
beyond a certain range, including 2.0 and 2.5 mm/min,
the fine particles of the test soil would be transported
either vertically to fulfill the infiltration pores or
horizontally to out of the soil tanks at the initial stage
of rainfall. The topsoil on the slopes was easy to crust,
which could weaken the rainfall infiltration and facilitate
the yield of surface flow generated by excess infiltration.
At the same time, the infiltration intensity was less
than rainfall intensity and the main pattern of rainfall
runoff was surface flow that was much more than
subsurface flow. This feature was particularly noticeable
under heavy rainfall conditions like rainfall intensity of
2.5 mm/min.

The P loss concentrations in subsurface flow showed
great fluctuations with rainfall duration under different
conditions because the runoff beneath the topsoil moved
a longer path. The average TP loss concentrations
under different rainfall intensities on the 15° slope
were respectively 0.029, 0.039, 0.053, and 0.067 mg/L,
which increased with rainfall intensity and were about
1.39-2.07 times that of the 8° slope. On the 8° slope,
TP loss concentrations first increased and then
decreased with the prolongation of rainfall duration
under the rainfall intensities of 1.0 and 1.5 mm/
min, but it showed an upward trend finally under the
rainfall intensities of 2.0 and 2.5 mm/min. The curve of
TP loss concentrations on the 15° slope exhibited
many peaks under the rainfall intensities of 1.0 and
1.5 mm/min while it showed a short decreasing stage
and then became stable under the rainfall intensities
of 2.0 mm/min. When the rainfall intensity increased
to 2.5 mm/min, the changing ranges of TP loss
concentration on the 15° slope were relatively small
with slight fluctuations. DP and PP loss concentrations
showed no obvious regularity for varying trends under
different rainfall intensities, and the changes of DP
loss concentration were more similar with those of TP
loss concentration. DP loss concentrations on the 15°
slope were greater than that on the 8° slope, while PP
loss concentration fluctuated dramatically on different
slopes. DP loss concentrations on the 15° slope were
greater than PP loss concentrations, while it showed an
opposite tendency on the 8° slope. The reason might be
that the faster percolation on the 15° slope maximized
the interaction between water and soil matrix [33], while
the P loss concentrations on the 8° slope operated in
a manner similar with the surface flow with slow flow
mechanisms minimizing the water-soil interaction
[50]. Based on the above results, it could be concluded
that both the runoff yield and P loss concentrations in
subsurface flow were much less than that in surface
flow, and showed great fluctuations under different

conditions. However, the P loss via subsurface flow
could not be overlooked as the P loss concentrations
were almost larger than the threshold value of
0.02 mg/L, which was a limited factor that could induce
water cutrophication [46]. The P adsorption as well
as desorption mechanisms between runoff and soil
particles need to be further studied.

Under the experimental conditions, the P loss amount
increased gradually as rainfall intensity increased.
When rainfall intensity exceeded up to 1.5 mm/min or
2.0 mm/min, the P loss started to decrease, making the
P loss reach the maximum under rainfall intensity of
1.5 mm/min or 2.0 mm/min, which was consistent with
the variation of subsurface flow volume in the soils.
Under the conditions of small rainfall intensity, the soil
infiltration capacity was strong and the runoff rate in
the soils increased gradually with the increasing rainfall
intensity. When rainfall intensity exceeded 1.5 mm/min,
the finer soil particles on the slopes would block the soil
pores of the infiltrated water flow or form a sediment
layer in the profile under the effect of raindrops, which
hindered the movement of the subsurface flow so that
the flow volume and nutrient loss in the soils were
reduced. Overall, the effect of rainfall intensity on P loss
in the soils was indirect mainly by affecting the runoff
volume. Due to the large bulk density of the tight-tested
soil, the PP loss amount via subsurface flow with the
infiltration of rainwater was less and the runoff rate in
the soils, which increased with increasing slope gradient.
The large amount of infiltration directly promoted the
DP loss with subsurface flow. That increment would
eventually increase the ratio of DP/TP loss as the slope
gradient increased and the ratio of DP/TP loss in the
soil was almost greater than 50%. Therefore, the main
loss pattern of P in the soils via subsurface flow was
not obviously affected by rainfall intensity and slope
gradient, and was mainly lost in the form of DP under
the simulated rainfall conditions.

Accumulative Runoff, Sediment and P Losses

Previous studies have concluded that P loss from
sloping land was closely associated with not only
topographic factors such as slope gradient and slope
length but also rainfall factors like pattern, intensity and
duration [24, 51]. Runoff and sediment were inseparable
because runoff was the carrier of eroded sediment and
both runoff and sediment induced by rainfall played
very important roles in transporting nutrients. Fig. 4
showed the accumulative runoff volume and sediment
yield under different experimental treatments. It could
be seen that the surface flow volume increased with
the increment of rainfall intensity on the 8° and 15°
slopes, while the subsurface flow volume first increased
and then decreased with crest values under the rainfall
intensity of 1.5 mm/min. The subsurface flow volume
on the steep slope was greater than that on the gentle
slope, while the surface flow volume exhibited an
opposite tendency. The accumulative sediment yield
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Fig. 4. Accumulative runoff, sediment yield under different
experimental treatments.

increased with both rainfall intensity and slope
gradient. Runoff scouring was the main driving force of
sediment loss, and slope gradient was one of the most
important factors affecting sediment yield [6, 52]. The
sediment yield under different rainfall intensities on the
15° slope were respectively about 1.40, 2.34, 3.07 and
2.19 times as much as that on the 8° slope. These results
were similar with the findings by Wu et al. [18] that the
influence of slope gradient on sediment yield decreased
considerably with increasing rainfall intensity.

Based on the runoff, sediment yield and TP loss
concentrations, the accumulative TP loss load via
different pathways under the experimental treatments
was calculated and summarized. It could be seen
from Fig. 5 that the varying regularity of TP loss
on the weathered granite slops was to some extent
similar with most of the previous studies, as the loss
of TP transported by sediment was the main pathway
of P loss [47]. Surface flow attributed secondly to the
TP loss load followed by subsurface flow as the least.
Under the same rainfall intensity, the accumulative
TP loss load via surface flow and sediment on the 8°
slope was greater than that on the 15° slope, while
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Fig. 5. Fractions of accumulative TP loss load via different
pathways under different treatments.
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the accumulative TP loss load via subsurface flow
was much greater on the 15° slope and the difference
became larger with increasing rainfall intensity. The
reason might be that P was more likely to be absorbed
to the soil surface and then could be transported with
eroded sediment along with rainfall runoff. Under the
same slope gradient, the accumulative TP loss load via
surface flow and sediment increased with increasing
rainfall intensity, and the sediment transportation played
a more important role in the accumulative TP loss load.
The accumulative TP loss load obviously fluctuated in
subsurface flow and even could be neglected compared
to that in the sediment and surface flow. However, even
though the loss load of TP in subsurface flow was small,
the average loss concentration of DP in subsurface flow
was relatively large (Fig. 6), which was still a threat to
the water environment.

The proportions of DP in surface flow and subsurface
flow were almost more than 50%, except that under the
intensities of 1.50 and 2.50 mm/min on the gentle slopes,
which indicated that DP was the main loss pattern of P
loss via runoff. However, there was no strong regularity
for variation trends of DP loss proportion under different
rainfall intensities and slope gradients, and the changing
ranges of DP loss proportion in subsurface flow were
relatively larger than that in surface flow. Wu et al. [18]
found the similar dramatic fluctuations of dissolved
TP concentration in runoff on bare loess slopes and
attributed this to the changes of splashing on soil surface
that influenced the desorption capacity of soil P. It has
been found that high P concentrations were recorded in
surface flow with most P transported in the dissolved
fraction [42]. Therefore, measures like vegetation and
mulch, which could increase soil surface cover should
be taken to reduce surface flow and sediment yield so
as to hinder the loss of nutrients from the hillslopes into
aquatic environments [53].

Coupling Relationships of Runoff-Sediment-TP,
DP and PP

The recognition and control of none-point-source
pollution, especially N and P loss, is the basic scientific
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problem and is of great significance for improving the
water environment of China. The risk of P loss from
sloping land is greater than previously thought, with
both surface and subsurface hillslope hydrological

pathways being important in P transport. However, one
of the problems in understanding hydrological pathways
of nutrient loss from land to streams is their dynamic
characteristics. The coupling relationships of runoff-
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Table 1. Coupling relations of runoff-TP, DP and PP loss load in subsurface flow

Slope gradient (°) TP (mg) DP (mg) PP (mg)
Slope gradient (°) 1 0.876%* 0.865%* 0.488
TP (mg) 0.876%* 1 0.959%* 0.636
DP (mg) 0.865%* 0.959%* 1 0.391
PP (mg) 0.488 0.636 0.391 1

*Correlation is significant at a confidence level of 0.05, N =8
**Correlation is significant at a confidence level of 0.01, N =28

sediment-TP, DP and PP via surface flow and subsurface
flow were analyzed with SPSS21.0 to explore their
inner quantitative relations. Fig. 7 shows that sediment
yield was significantly correlated with surface flow
volume, which was significantly correlated with rainfall
intensity (R*>0.956). When the runoff yield was the
same, sediment yield on the steep slope was greater
than that on the gentle slope. Exponential functions
could be used to describe the positive relationship
between sediment yield (W, g) and rainfall intensity
(I, mm/min) on the 8° slope (W = 57.614%% R>= 0.997)
and 15° slope (W = 92.2151*47, R? = 0.982). The TP
loss load in the sediment on the steep slope was also
greater than that on the gentle slope when the sediment
yield was the same. TP loss load in sediment showed
a liner correlation with sediment yield (R*>0.998) and
was significantly correlated with rainfall intensity
and surface flow volume. TP, DP and PP loss loads in
surface flow were all positively correlated with surface
flow volume (R?> 0.869) as well as sediment yield
(R?>0.832), though this was partly due to the fact that
runoff volume was used to calculate the P loss load
[2]. The accumulative TP loss load in both runoff and
sediment showed a positive power relationship with
rainfall intensity (R*>0.982). Rainfall intensity resulted
in soil detachment and enhanced eroded sediment and
nutrient transport [54]. Wang et al. believed that nutrient
loss via sediment was significantly affected by soil
erodibility [3]. TP and DP loss load in subsurface flow
showed a significant correlation with slope gradient
(Table 1). DP loss load also showed a significantly
correlation with TP loss load as it was the main loss
form of TP lost in the subsurface flow.

Conclusions

This study focused on the soils derived the parent
materials of weathered granite to systematically
explore the characteristics of P loss from the sloping
land with the method of indoor artificial simulated
rainfall. Results indicated that surface flow increased
with rainfall duration while subsurface flow showed an
increasing-decreasing trend. Sediment yield generally
decreased with short increasing trends in the early stage
under large rainfall intensities. The loss concentrations

of TP, DP and PP decreased in surface flow and
greatly fluctuated in subsurface flow under different
experimental conditions. The average loss concentration
of TP in surface flow on the 8° slope was about
1.20 times that of the 15° slope, while that in the
subsurface flow on the 15° slope was about 1.39-
2.07 times that of the 8° slope. DP loss concentrations
in both surface flow and subsurface flow showed a
similar changing trend to TP. PP loss concentration
in surface flow was overall less than the DP, and
fluctuated wildly. It could be concluded that DP was the
main P loss pattern in surface flow that accounted for
54.32-78.51%. DP and PP loss concentrations in
subsurface flow showed no obvious varying regularity.
Both runoff yield and P loss concentrations in
subsurface flow were much less than that in surface flow
and showed great fluctuations. The main P loss pattern
via subsurface flow was also DP, and it could not be
overlooked.

We found that P transported by eroded sediment was
the main P loss pathway with the contributing order as
follows: eroded sediment > surface flow > subsurface
flow. The correlation analysis of runoff-sediment-TP,
DP and PP showed that sediment yield was significantly
correlated with rainfall intensity and surface flow yield.
TP, DP and PP loss loads in surface flow were all
positively correlated with rainfall intensity and runoff
yield as well as eroded sediment. The accumulative TP
loss load in both runoff and sediment showed a positive
power relationship with rainfall intensity. TP and DP
loss load in subsurface flow presented a significant
correlation with slope gradient, and DP loss load was
significantly correlated with TP loss load. These results
may provide scientific support for the control and
mitigation of P pollution in the weathered granite area.
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